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Binding domainviral regulatory proteins of Autographa californicamultiple nucleopolyhedrovirus
(AcMNPV) involved in the transactivation of early genes, stimulation of late gene expression, and viral DNA
replication. The protein interactions required for IE0 or IE1 to achieve these varied roles are not well deﬁned,
so to identify proteins that interact with IE0 and IE1, tandem afﬁnity puriﬁcation (TAP) and LC-MS/MS was
used. Analysis of puriﬁed proteins identiﬁed AC16 (DA26, BV/ODV-E26) from TAP tagged IE0 virus infected
Sf9 cells. Co-immunoprecipitation conﬁrmed that AC16 interacts with both IE0 and IE1 and yeast 2-hybrid
analysis mapped the domain required for interaction with AC16. Mutation of the AC16 binding domain
enhanced BV production by viruses expressing only IE0 but had no effect if only IE1 is expressed. An ac16
deletion virus was constructed and was shown not to affect the temporal expression of IE0 and IE1; however
the relative level of IE0 to IE1 was signiﬁcantly increased.
Crown Copyright © 2008 Published by Elsevier Inc. All rights reserved.IntroductionAutographa californicamultiple nucleopolyhedrovirus (AcMNPV) is
the type species of the Baculoviridae Alphabaculovirus genus. The
baculoviridae consists of a large group of enveloped double stranded
DNA viruses. Baculovirus genes can be divided into immediate early,
early, late and very late based on the expression cascade (Kelly and
Lescott, 1981; Miller, 1997). The primary AcMNPV transregulatory
proteins are the immediate early IE0 and IE1 which are produced from
the only known AcMNPV spliced gene complex. The ie0 mRNA
consists of two exons that initiates from the early promoter of ac141.
Exon 1 of ie0 consists of 114 bp of ac141 that are spliced to the 5′ end of
the ie1 mRNA after excision of a 4.2 kb intron (Chisholm and Henner,
1988). The ie1 mRNA is not spliced and consists of only exon 2 and
initiates from the early promoter of ac147. Both ie0 and ie1 are
transcribed and translated immediately upon infection but peak at
different times post infection (pi). The steady state levels of IE0 peak
prior to viral DNA replication at about 3–6 h pi, whereas IE1 keeps
accumulating until very late times pi (Huijskens et al., 2004).
Interestingly, expression of ie0 mRNA results in both IE0 and IE1Centre, Agriculture and Agri-
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08 Published by Elsevier Inc. All rigbeing translated from the ie0 mRNA due to internal translation
initiation (Theilmann et al., 2001). The amino acid sequence of IE0
includes 54 extra amino acids at N-terminal of IE1 that are derived
from the ac141 ORF and the ie1 5′ untranslated region.
IE0 and IE1 appear to have primary functions at different stages of
the viral life cycle. Both IE1 and IE0 are capable of transactivating viral
early genes and stimulating late gene expression (Huijskens et al.,
2004; Kovacs et al., 1991; Theilmann et al., 2001). Either IE0 or IE1 can
support viral replication independently however both are required for
a wild type phenotype (Stewart et al., 2005). Reduced expression level
of IE0 enables AcMNPV to replicate in the normally non-permissive
SL2 cells therefore suggesting that IE0 might inﬂuence host range
determination (Lu et al., 2003). However it's not clear how IE0 and IE1
orchestrate their functional similarities or differences and little is
known about the identity of the proteins with which IE0 or IE1
interact. AcMNPV IE1 is well known as one of the six essential genes
along with dna polymerase, lef-1, lef-2, lef-3, and helicase required for
the viral DNA replication in transient replication assays (Kool et al.,
1994). It has also been shown that BmNPV IE1 co-localizes with DBP
and LEF3 in the nuclear structures that are believed to be viral
replication factories (Kawasaki et al., 2004; Okano et al., 1999). Ito et
al. (2004) found that AcMNPV IE1, LEF3 and P143 bind to closely linked
sites on viral DNA in vivo using chromatin immunoprecipitation and
suggested these proteins may form replication complex in infectedhts reserved.
Fig. 1. AC16 co-puriﬁes with TAP tagged IE0. (A) Sf9 cells were infected with viruses
expressing TAP tagged IE0 (ie1KO-IE0-3xFLAG6xHis), IE1 (ie1KO-IE1-3xFLAG6xHis) or
with the control virus AcMNPV-E2 that expresses untagged IE0 and IE1 and collected for
TAP at 12 hpi. Complexes were afﬁnity puriﬁed and separated on gradient SDS-PAGE gel
(4–12%) and stained with SYPRO Ruby. A protein was found to be enhanced in proteins
puriﬁed from ie1KO-IE0-3xFLAG6xHis infected cells (arrow). (B) Amino acid sequence
of AC16 and the LC-MS/MS analysis of the enhanced band identiﬁed a peptide
homologous to the sequences shown in red.
485Y. Nie et al. / Virology 385 (2009) 484–495cells. Besides the proteins involved in viral DNA replication, Bombyx
mori NPV (BmNPV) IE1 was also found to co-localize in infected insect
cells and interact in yeast 2-hybrid assays with BmNPV BM8 (Imai et
al., 2004; Kang et al., 2005). BM8 is the homolog of AcMNPV AC16,
which is one of the 17 Group I NPV speciﬁc genes (Herniou et al.,
2001). Further identiﬁcation of proteins that interact with IE0 and IE1
and elucidation of the biological relevance of the interaction is needed
to enable the complete understanding of the essential roles that IE0
and IE1 play during the viral life cycle.Fig. 2. IE0 and IE1 co-immunoprecipitate with AC16. Protein extracts of Sf9 cells infected wit
tagged AC16, respectively, were immunoprecipitated with anti-HA agarose beads at 18 hpi. SD
and IE1 were detected using anti-HA or anti-IE1 antibodies respectively. Top panel shows AC1
of the total input and eluate samples respectively.In this study tandem afﬁnity puriﬁcation (TAP) has been used to
identify proteins that interact with TAP-tagged AcMNPV IE0 and IE1.
Using this approach AcMNPV AC16 (also known as DA26, BV/ODV-
E26) (Beniya et al., 1998) was identiﬁed. The interaction was
conﬁrmed by reciprocal immunoprecipitation to pull down both IE0
and IE1 along with HA tagged AC16. Using yeast 2-hybrid assays the
AC16 interaction domain of IE0 and IE1 was mapped to the acidic
activation domain (AAD). Viruses were constructed that expressed
only IE0 or IE1withmutated AC16 interaction domains and the impact
on the virus replication cycle was analyzed. In addition, the impact of
ac16 deletion on the virus replication was also determined.
Results
Identiﬁcation of IE0 and IE1 interacting proteins by tandem
afﬁnity puriﬁcation
AcMNPV IE0 and IE1 are the primary viral transregulatory proteins
and identifying other proteins that complex with them is essential to
understandhowAcMNPV replicates. TAP puriﬁcation has been shown to
enable the puriﬁcation of large transcriptional complexes (Rigaut et al.,
1999) and thereforeweattempted touse thismethodwith IE0and IE1. To
enable the TAP puriﬁcation for the identiﬁcation of interaction partners
of AcMNPV IE0 and IE1, bacmid derived viruses that express IE0 or IE1
tagged with 3xFLAG-6xHis at the C-terminus (ie1KO-IE0-3xFLAG6xHis
and ie1KO-IE1-3xFLAG6xHis respectively) weremade using a previously
constructed ie1 knockout (KO) virus (Stewart et al., 2005). The IE0 and
IE1 TAP tagged viruses and control virus AcMNPV E2were used to infect
Sf9 cells. At 12 h post infection (hpi) and 24 hpi, cells were collected and
TAP puriﬁcation was performed using anti-FLAG beads followed by Ni-
NTA beads. The puriﬁed proteins were separated on a gradient gel (4–
12%) and stained by SYPRO ruby staining. There were signiﬁcant
background bands using this approach and very few clear differences
were observed, however a protein band between 32.5 kDa to 47.5 kDa
was enhanced in the proteins bound to IE0-3xFLAG6xHis at both 12 hpi
(Fig.1A) and 24 hpi (data not shown). The bandwas excised from the gel
of 12 hpi samples and subjected to LC-MS/MS for protein identiﬁcation.
Onepeptidewas identiﬁedmatching the viral protein AC16 (Fig.1B). This
was surprising as the predicted molecular weight of AC16 is 26 kDa,
however, it is consistent with previous results (Beniya et al., 1998;
Braunagel et al., in press; Burks et al., 2007) which have shown that
higher molecular weight forms of AC16 are observed in infected cells. In
addition, we also observed higher molecular weight forms of AC16 on
Western blots (data not shown). The association of AC16 with IE0 also
agrees with results obtained with the related virus BmNPV, which
showed that the homolog of AC16, BM8, interacts with BmNPV IE1.h AcBac-AC16HA expressing HA tagged AC16 or the control virus AcBac expressing non-
S-PAGE andWestern blots were used to analyze the precipitated proteins. AC16 and IE0
6HA, bottom panel shows IE0 and IE1. The input and eluate lanes represent 0.5% and 30%
486 Y. Nie et al. / Virology 385 (2009) 484–495Co-immunoprecipitation of AC16 with IE0 and IE1
The TAP results suggested that AC16 interacted with IE0 but a
corresponding enhanced band was not detectable above background
in protein complexes isolated from IE1 TAP tagged virus infected cellsFig. 3.Mapping the IE0 and IE1 AC16 binding domain. (A) Summary of yeast 2-hybrid analyse
there was interaction and “−”stands for no interaction between the IE0 or IE1 constru
IE1D137E138D141AAA; 3, IE1K154R156K160K161AAAA. IE0 mt refers to IE0L133L134L140AAA. The red rect
454–489 aa. (B) Alignment of part of the IE1 N-terminus from nine group I viruses containin
(dashed line box) and the location of the point mutations. The alignment was performed wit
the following: black background show 100% conservation, dark grey represents 80% and lig
COILS (http://www.ch.embnet.org/software/COILS_form.html). The residues mutated to alan
that have been identiﬁed from this study and others (Kovacs et al., 1992; Olson et al., 2001; O
Stewart, 1991).(Fig. 1A). Therefore a second approach, co-immunoprecipitaton was
taken to analyze the interaction between IE0/IE1 and AC16. To enable
co-immunoprecipitaton a virus was constructed that expressed AC16
and AC16 tagged with the HA epitope at the C-terminus (AcBac-
AC16HA, Fig. 2A). AcBac-AC16HA and the control virus AcBac whichs between AC16 and the IE1 deletions or the IE1 and IE0 point mutants. “+” indicates that
cts and AC16 construct. The IE1 point mutants are as follows, 1, IE1L79L80L86AAA; 2,
angle shows the interaction domain and green shows a potential inhibitory domain at
g the location of the AC16 binding domain (solid box), the predicted coiled-coil domain
h ClustalW (Thompson et al., 1994). The different shadings of the amino acids represent
ht grey 60% respectively. The software used for the coiled-coil structure prediction was
ine are indicated with arrows. (C) Schematic diagram of IE0 and IE1 functional domains
lson et al., 2003; Pathakamuri and Theilmann, 2002; Rodems et al., 1997; Theilmann and
487Y. Nie et al. / Virology 385 (2009) 484–495expresses only AC16 without HA tag were used to infect Sf9 cells for
co-immunoprecipitaton using anti-HA agarose beads. The puriﬁed
proteins were analyzed by SDS-PAGE followed by Western blot using
anti-HA and anti-IE1 antibody.
The results showed that both IE0 and IE1 were co-immunopreci-
pitatedwith HA-tagged AC16when immunoprecipitatedwith anti-HA
agarose beads. No IE0 or IE1 was detected from cells infected with the
control virus expressing untagged AC16 conﬁrming the speciﬁcity of
the interaction. This result conﬁrms the TAP results and in addition
shows that IE1 also interacts with AC16 (Fig. 2B). The interaction with
IE1 would agree with the previous studies as stated above that have
shown the BmNPV homolog BM8 co-localizeswith IE1 in infected cells
(Imai et al., 2004).
Mapping of the IE0 and IE1-AC16 interaction domain by yeast 2-hybrid
The results described above showed that IE0 and IE1 both complex
with AC16 therefore suggesting that a region or domain common to
IE0 and IE1 is required for the interaction. To map the IE0 or IE1
interaction domain for AC16 the yeast 2-hybrid system was used. To
deﬁne the amino acid sequences required for interaction with AC16 a
series of IE1 deletions and point mutants were constructed in yeast 2-
hybrid vectors. Initial large deletions localized the binding domain to
amino acids 2–168 (Fig. 3A). This fragment was then subjected to a
series of N-C and C-N deletions tomap the N and C borders. The results
localized the AC16 binding domain to amino acids 72–99, a region that
overlaps with a predicted coiled-coil structure (Fig. 3B). To conﬁrm the
mapping results 3 pointmutants were generated: onewithin the AC16
domain and two outside the domain (Figs. 3A and B). Only the point
mutant within the mapped AC16 domain (L79L80L86AAA) abolished
IE1-AC16 2-hyrbrid formation. The corresponding amino acids were
also mutated in a full length IE0 2-hybrid construct (IE0 mt, Fig. 3A)
and similar to IE1, the interaction between IE0 and AC16 was
abolished. This showed that IE0 and IE1 have the same AC16
interaction domain. The AC16 interaction domain is a new functional
component of the transactivators IE0 and IE1 that maps within the
highly variable acidic activation domain (Fig. 3C).
The mapping of the AC16 interaction domain also identiﬁed a
second domain at the C-terminus that surprisingly inhibited the
interaction between IE1 and AC16. The inhibitory domain mapped to
amino acid 454–489, which is within the generally deﬁned DNA
binding domain (Figs. 3A and C). However, the inhibition effect of this
domain was only observed in the absence the C-terminal sequence
amino acids 520–582, which contains the nuclear localization signalFig. 4. Co-immunoprecipitation andWestern blot conﬁrmation of loss of interaction between
AC16HA, ie1KO-IE1L79L80L86AAA-AC16HA. The schematic diagram for AcBac is shown in Fig.
positive control ac16KO-AC16HA, ie1KO-IE0L133L134L140AAA-AC16HA, ie1KO-IE1L79L80L86AA
immunoprecipitation with anti-HA agarose beads. Antibodies against IE1 and against HA wbasic domain II and the oligomerization domain (Olson et al., 2001;
Olson et al., 2003; Rodems et al., 1997). At this time it is not clear if this
inhibitory domain plays a role in the context of the complete native
protein in vivo and will be the subject of future investigations.
Point mutation analysis of the IE0 and IE1 AC16 interaction domain
in vivo
To conﬁrm that the IE0 and IE1 AC16-interaction domain identiﬁed
in yeast is indeed responsible for the interaction in vivo, viruses were
constructed that expressed either IE0 or IE1 containing the AC16
interaction domain point mutants used in the yeast 2-hybrid assay.
The IE0 and IE1 mutants were inserted into an ie1KO bacmid (Stewart
et al., 2005) along with AC16 tagged with the HA epitope and the
viruses ie1KO-IE1L79L80L86AAA–AC16HA, ie1KO-IE0L133L134L140AAA–
AC16HA were generated. The viruses were used to infect Sf9 cells
and co-immunoprecipitaton was performed with cells collected at
24 hpi using anti-HA agarose beads. Anti-HA and anti-IE1 antibodies
were used for the Western blot analysis to see if IE0 and IE1 co-
immunoprecipitated with AC16-HA. In cells infected with the positive
control virus ac16KO-AC16HA which expresses WT levels of IE0 and
IE1 and AC16-HA, both IE0 and IE1 were immunoprecipitated
conﬁrming the interaction between these proteins. Whereas AcBac
infected cells which only expresses untagged AC16 no IE0 or IE1 was
immunoprecipitated. Similarly in cells infected by ie1KO-IE1L79L80-
L86AAA–AC16HA or ie1KO-IE0L133L134L140AAA–AC16HA neither IE0 nor
IE1 co-immunoprecipitated with AC16HA (Fig. 4). These results
conﬁrm the yeast 2-hybrid assays and show that the AC16 interaction
domain is functional in virus infected insect cells.
Expression of IE0L133L134L140AAA results in higher BV production than IE0
To determine the function of AC16 interaction with IE0 and IE1 we
analyzed the impact of losing the interaction on the viral life cycle.
Time course analyses were performed to compare BV production and
viral DNA replication between viruses that express only IE1 or
IE1L79L80L86AAA and IE0 or IE0L133L134L140AAA (Fig. 5A). Mutation of the
IE0 AC16 binding domain (ie1KO-IE0L133L134L140AAA) did not affect viral
DNA replication during the ﬁrst 36 hpi compared to cells infected with
ie1KO-IE0 (Fig. 5B). At late times pi ie1KO-IE0 appeared to have
slightly higher levels of viral DNA. However, when BV production was
compared, ie1KO-IE0L133L134L140AAA produced nearly a log higher BV
compared to ie1KO-IE0 reaching similar levels as AcBac which
expresses both WT IE0 and IE1. Therefore for viruses that expressAC16 and IE0 or IE1 point mutants. (A) Schematic diagrams of ie1KO-IE0L133L134L140AAA-
2A and ac16KO-AC16HA is shown in Fig. 6. (B) Co-IP results. Sf9 cells were infected by
A-AC16HA and negative control virus AcBac. Cells were collected at 24 hpi for
ere used for Western blots.
488 Y. Nie et al. / Virology 385 (2009) 484–495only IE0 the loss of the AC16 binding domain results in an increased
ability to produce BV. For ie1KO-IE1 that expresses only IE1 the levels
of viral DNA replication were the same as AcBac and no differences
were observed when the AC16 binding domain was mutated (Fig. 5C).
However unlike viruses expressing IE0L133L134L140AAA there is no
impact on BV production observed when the IE1 AC16 binding
domain is mutated. These results suggest that AC16 plays a greater
role in the function of IE0 rather than IE1.Fig. 5. Mutation analysis of the IE0 and IE1 AC16 binding domain. (A) Schematic diagra
Comparison of BV production and viral DNA replication of IE0 and IE0L133L134L140AAA repaire
graphs is the control virus AcBac that expresses wild type levels of IE0 and IE1, and AC16.
standard error.Deletion analysis of ac16
Previous attempts to generate an ac16 or bm8 null virus only
resulted in C-terminal deletions that lead to the suggestion that the 5′
half of ac16 or N-terminal of the protein was essential (Burks et al.,
2007; Imai et al., 2004). To test this hypothesis and to further analyze
the function of the IE0 and IE1 interactionwith AC16 we generated an
ac16KO virus that deleted the 5′ end of ac16 including the promoterms of the bacmid viruses expressing IE0, IE0L133L134L140AAA, IE1 or IE1L79L80L86AAA (B)
d ie1KO viruses, or (C) IE1 and IE1L79L80L86AAA repaired ie1KO viruses. Also shown in all
The graph shows the average values of two independent samples. Error bars stand for
489Y. Nie et al. / Virology 385 (2009) 484–495and ﬁrst 70 amino acids of the ORF (Fig. 6). Unlike the previously
reported AC16 deletion viruses this construct leaves the potential
promoter for ac17 intact (O'Reilly et al., 1990). The deletion of correct
sequences and insertion of zeocin cassette were conﬁrmed by PCR.
To determine the effect of ac16 deletion on BV production and viral
DNA replication, Sf9 cells were infected with ac16KO (ac16KO-GFP-
PH), ac16 repair (ac16KO-AC16) (Fig. 6) and the control virus AcBac. BV
supernatant and infected cells were collected at 6, 12, 18, 24, 48, 72
and 96 hpi for analyses. End point dilution assays and quantitative real
time PCR were used to analyze the impact of deleting ac16 on BV
production and viral DNA replication respectively. The results showed
that deletion of ac16 has no effect on BV production (Fig. 7A) and does
not affect viral DNA replication (Fig. 7B).
The results above did not detect any effect on viral DNA replication
and BV production upon deletion of AC16. However, this study and
others have showed that AC16 interacts with IE0, IE1 and FP25 (Beniya
et al., 1998; Kang et al., 2005). We therefore determined if the deletion
of ac16 impacts the expression of the viral proteins IE0 and IE1, FP25
and the representative late structural protein VP39. The temporal
expression of these proteins expressed from ac16KO, ac16KO-AC16
and AcBac was compared by Western blot analysis. For ac16KO the
expression of IE0 and IE1 was signiﬁcantly changed from that
observed with ac16KO-AC16 and AcBac. In ac16KO infected cells IE0
and IE1 are also detected by 6 hpi interestingly however, the relative
levels or ratio of IE0 to IE1 increased signiﬁcantly from 6 hpi to 24 hpi
compared to ac16KO-AC16 or AcBac infected cells (Fig. 8). This
suggests that deletion of ac16 results in an increase in the expression
of IE0. Previous results have shown that altering the expression of IE0Fig. 6. Schematic diagram of construction of ac16KO and repair viruses ac16KO-AC16, ac16
promoter to 70 aa by an EM7-zeocin cassette ampliﬁed with primers 1434 and 1437 containin
by PCR. Primers from the ﬂanking region paired with primers from the zeocin cassette 1430/5
from the ac16KO but not from the AcBac control, indicating the right insertion of the zeocin
from control AcBac not from ac16KO conﬁrming the loss of the desired ac16 region. The ac
polyhedrin and gfp (ac16KO-AC16HA) or untagged ac16, polyhedrin and gfp (ac16KO-AC16) aor IE1 affects both early and late events in the infection cycle and the
correct IE0/IE1 ratio is critical for a wild type phenotype (Huijskens et
al., 2004; Stewart et al., 2005). AC16 has also been reported to bind to
FP25, however no difference in the expression of this protein was
observed (Fig. 8). Similarly, the late structural protein VP39 showed no
difference in expression when AC16 is not present in infected cells. In
addition no difference in the very late protein POLYHEDRIN expression
was observed (data not shown). Therefore the major observable effect
of ac16 deletion was the change of relative level of IE0 to IE1.
Discussion
IE0 and IE1 are the primary transregulatory proteins of AcMNPV
that are required for both DNA replication and transcriptional
activation and regulation. Elucidating the functional mechanisms by
which these proteins facilitate these activities is a key requirement for
understanding the baculovirus replication cycle. In this study we have
shown that IE0 and IE1 interact with AC16 (DA26, BV/ODV-E26) and
the binding domain is mapped to IE0 or IE1 amino acids residues 126–
153 and 72–99 respectively. The AC16 binding domain is located
within the previously characterized acidic activation domain (For-
sythe et al., 1998; Pathakamuri and Theilmann, 2002; Slack and
Blissard, 1997; Theilmann and Stewart, 1991). Comparison of the AAD
of baculovirus IE1s has shown the AAD has very little conserved amino
acid homology however the region maintains an overall acidic proﬁle.
This is similar to the classic “acid blob” transcriptional activation
domain ﬁrst identiﬁed in HSV VP16 and the yeast protein GAL4
(Triezenberg et al., 1988; Sadowski et al., 1988). However reanalysis ofKO-AC16HA. The ac16 partial knock out was made by replacing the sequence of ac16
g the 50 bp ﬂanking sequence F1 and F2 respectively. The right deletion was conﬁrmed
20 and 1439/1239 ampliﬁed fragments of predicted size 452 bp and 1110 bp respectively
cassette. Primer 1440 from the deleted region paired with 1439 only gave ampliﬁcation
16KO bacmid was repaired with polyhedrin and gfp (ac16KO-GFP-PH), HA-tagged ac16,
t polh locus.
Fig. 7. BV production and viral DNA replication analysis of ac16KO, ac16KO-AC16 and
AcBac. (A) End point dilution analysis of BV production and (B) quantitative real time
PCR analysis of viral DNA replication. Sf9 cells were infected by ac16KO (ac16KO-GFP-
PH), ac16KO-AC16 and AcBac at an MOI=5. BV supernatant and cells were collected at
various times post infection for analysis. The graph shows the average values of two
independent samples. Error bars represent standard error.
Fig. 8. Western blot analyses of the temporal expression of IE0 and IE1, FP25 and P39.
Sf9 cells were infected with ac16KO-GFP-PH, ac16KO-AC16 and control AcBac at an MOI
of 5. Infected cells were harvested at the times indicated in the presence of protease
inhibitors and analyzed by SDS-PAGE (7.5% gel for IE0/1 and 10% for VP39 and FP25) and
Western blot.
490 Y. Nie et al. / Virology 385 (2009) 484–495the region containing the AC16 binding revealed some amino acid
conservation (Fig. 3B). Within this domain the IE1 Leu79 and Leu86
are highly conserved hydrophobic residues of IE1 among group I
viruses andmutating these residues alongwith Leu80 to Ala abolished
the interaction between IE0 and IE1 with AC16. Comparison with
other IE1 AAD domains shows very low sequence conservation
however, bioinformatics analysis predicts that the AC16 binding
domain forms a coiled-coil domain. Analysis of all other known IE0 or
IE1 AAD domains predicts that they contain a potential coiled-coil
domain (data not shown). Interestingly the AC16 BmNPV homolog
BM8 was shown to bind to BmNPV IE1 and required the sequences
BM8 1-110 which also contains a predicted coiled-coil domain (Kang
et al., 2005) that is conserved in AC16. These results therefore strongly
suggest that the protein-protein interaction between IE0 or IE1 and
AC16 is facilitated by coiled-coiled domains which have been
extensively characterized in other proteins (Delahay and Frankel,
2002; Lupas, 1996).
To address the function of the IE0-IE1 interaction with AC16 two
approaches were taken. The ﬁrst approach mutated the IE0-IE1
binding domain in viruses that express either IE0 or IE1 and the
second approach was to delete AC16. Mutating the AC16 binding
domain in IE0 had the effect of increasing BV production but this was
not observed for IE1. The reason for the increase in BV is unknown but
it could be due to a number of effects which include changes in ie0
transcription or alternatively IE0 translation, post-translational mod-iﬁcation and/or cellular localization. AC16 has been shown by
immunoelectron microscopy to locate predominantly in intranuclear
microvesicles of infected cells (Beniya et al., 1998; Burks et al., 2007),
but it has also been shown that BmNPV BM8, the AC16 homolog,
colocalizes with IE1 and requires the viral hr sequences and IE1 for
localizing at speciﬁc nuclear sites (Kang et al., 2005). Sequestering IE0
to discrete cellular or genomic locations could result in regulating a
different repertoire of genes compared to IE1. Alternatively the
binding of AC16 to IE0 could decrease its activity relative to its
transregulation of genes involved in BV production which may be
determined by the 54 N-terminal amino acids not found in IE1. This
would agree with our results which show that deletion of the AC16
binding site in IE1 had no effect on BV production or replication (Fig.
5C). If the major role of AC16 is to interact with and regulate IE0
activity, this may explain why AC16 bound to detectable levels in
ie1KO-IE0-3xFLAG6xHis infected cells but not in ie1KO-IE1-
3xFLAG6xHis infected cells (Fig. 1).
The second approach to examining the role of the IE0 or IE1 AC16
interaction was to generate an AC16 null or knock out virus. Previous
studies that attempted to generate ac16 or BmNPV bm8 knock out
491Y. Nie et al. / Virology 385 (2009) 484–495viruses resulted in C-terminal deletions only and were unable to
isolate a full deletion, suggesting that ac16 or bm8 was essential
(Burks et al., 2007; Imai et al., 2004). Both of these knock out viruses
potentially expressed the AC16 or BM8 N-terminus that contains the
domain required for binding to IE1 (Kang et al., 2005). In contrast, in
this study we generated a knock-out virus by deleting the ac16
promoter and the N-terminus which does not affect the downstream
ac17 promoter. Analysis of ac16KO showed that there was no effect on
either BV production or viral DNA replication when compared to the
control virus AcBac. No impact on tissue culture growth is consistent
with the results from C-terminal ac16 and bm8 deletions previously
reported (Imai et al., 2004; O'Reilly et al., 1990). However O'Reilly et al.
(1990) did observe a decrease in LC50 when bioassayed in Trichoplusia
ni and Spodoptera frugiperda larvae. Further studies will have to be
performed to determine if in vivo differences are observed with the
ac16 knock out virus constructed in this study.
Even though no differences were observed in viral DNA replication
or BV production in cells infected with ac16KO, we compared the
temporal expression pattern of proteins that interact with AC16,
which are IE0, IE1, and FP25, and two representative late proteins
VP39 and polyhedrin. No difference was observed for FP25, however
the relative expression levels of IE0 to IE1 signiﬁcantly altered. At 6 hpi
in ac16KO infected cells IE0 was the dominant protein compared to
AcBac or ac16KO-AC16 when normally there are approximately equal
levels of IE0 and IE1. The higher relative levels of IE0 continue right up
to 48 hpi. The impact of deleting ac16 therefore appears to affect
predominately IE0 permitting higher levels of expression. These
results are consistent with the results of the TAP puriﬁcation and the
IE0-IE1 AC16 binding domain mutations both of which showed
greater impact with IE0. Interestingly our previous study (Stewart et
al., 2005) suggested that IE0 up regulates IE1. Therefore it would be
expected that the increase in IE0 observed in this studywould result in
increased IE1 but this was not observed. This could be due to multiple
reasons including that IE1 levels are already at maximum and an
increase in IE0 therefore has no additional effect. Alternatively AC16
may be required for IE0 up-regulation of IE1.
No difference was observed with the late proteins VP39 (Fig. 8) or
polyhedrin (data not shown). Other studies reported that AC16
stimulates viral late gene expression together with AC18 in transient
assays (Guarino and Summers,1988) but deletion AC16 C-terminal did
not causes any observable difference in viral late gene regulation
(O'Reilly et al., 1990) similar to the results of this study.
AC16 has been shown to interact with FP25 and probably is
involved in the trafﬁcking of the occlusion body protein ODV-E66. It
has been proposed that AC16, FP25, ODV-E66 may form a complex
with actin potentially facilitating nucleocapsid transport for produc-
tion of both BV and ODV (Beniya et al., 1998; Burks et al., 2007).
AcMNPV EXON0 which is demonstrated to be critical for the transport
of nucleocapsids out of the nucleus also interacts with FP25 (Fang et
al., 2007). EXON0 also contains the N-terminal 38 amino acids of IE0
but not the AC16 binding domain. As discussed above loss of the IE0
AC16 binding domain results in increased BV production and therefore
AC16 could be involved in the regulation of BV levels by interacting
with FP25 and IE0. These interactions may also impact on the number
of ODV within occlusions bodies. We did not detect any gross
differences in the occlusion bodies produced by the AC16 knock out
virus when examined by light microscopy but differences may be
observed using electron microscopy.
In conclusion in this study we have mapped a new IE0 and IE1
functional domain that is utilized for binding to the viral protein AC16.
The domain is predicted to form a coiled-coil that likely interacts with
the similar type of domain predicted in AC16. Mutation of the IE0 and
IE1 domain combined with an ac16 deletion analysis suggests that a
primary role of AC16 involves interaction with IE0 as apposed to IE1,
potentially regulating the early events of AcMNPV infection involved
in BV production. However, these interactions are not essential forviral growth in tissue culture but may play a key role during virus
infection in vivo.
Materials and methods
Viruses and cells
Spodoptera frugiperda clone 9 (Sf9) cells weremaintained at 27°C in
TC100 medium supplemented with 10% fetal bovine serum. AcMNPV
recombinants were derived from bacmid bMON14272 (Invitrogen Life
Technologies) in Escherichia coli DH10B cells as described previously
(Datsenko and Wanner, 2000; Luckow et al., 1993).
Plasmids construction
Construction of transfer vectors pFAcT-GFP-IE0-3xFLAG6xHis and pFAcT-
GFP-IE1-3xFLAG6xHis
To enable the tandem afﬁnity puriﬁcation described by Yang et al.,
primers 1369 and 1371 were used to amplify the 3xFLAG-6xHis tag
from from pCaSpeR-hs-act-Tetra tag plasmid (Yang et al., 2006)
kindly provided by Dr. H. Krause (University of Toronto). The 3xFLAG-
6xHis fragment was cloned into plasmids containing the ie0
promoter and ORF or the ie1 promoter and ORF at NotI/NcoI. The
resulting plasmids were called pie0-3xFLAG-6xHis and pie1-3xFLAG-
6xHis which encoded the TAP tag in frame with ie0 and ie1 at the C-
terminus and were conﬁrmed by sequencing. To make the bacmid
transfer vectors, pie0-3xFLAG-6His was digested with PstI and NotI
and cloned into the vector pFAcT-GFP-Tnie1pA resulting in pFAcT-
GFP-IE0-3xFLAG6xHis. The plasmid pie1-3xFLAG-6His was digested
with HindIII and blunt ended with Klenow DNA polymerase followed
by NotI digestion and insertion into pFAcT-GFP-Tnie1pA, resulting in
pFAcT-GFP-IE1-3xFLAG6xHis. The vector pFAcT-GFP-Tnie1pA was
made by inserting TnSNPV ie1 polyA that was ampliﬁed using
primers 517/810 from TnSNPV genomic DNA into pFAcT-GFP (Dai et
al., 2004) at SacI/NotI sites. The sequences of the primers were listed
in Table 1.
Construction of IE1 or IE0 plasmids for yeast 2-hybrid analysis
To make the fusion construct of pAD-IE1 or IE1 mutants, primers
1417 and 1496 were used to amplify the complete IE1 ORF, IE1 2-520,
IE12-168 and primers 1472/1496 were used to amplify IE1 169-582.
The PCR products were inserted into pAD-Gal4 at XbaI/BamHI. The
AcMNPV IE0 ORF was ampliﬁed with primer pair 1424/1416 using
pAcie0delta (Huijskens et al., 2004) as the template. The PCR product
was inserted into pAD-Gal4 at XbaI/BamHI to generate pAD-IE0. The
remaining IE1mutants or IE0 mutant used for the yeast 2-hybrid were
made by standard methodology of inverse PCR using pAD-IE1, pAD-
IE1 2-168, pAD-IE1 169-582 or pAD-IE0 as the templates. Three IE1
point mutants were ampliﬁed by inverse PCR using pAD-IE1 as the
template. Theywere 1529/1530 for pAD-IE1L79L80L86AAA, 1531/1532 for
pAD-IE1K154R156K160K161AAAA, 1533/1534 for pAD-IE1D137E138D141AAA.
Primer pair 1529/1530 was also used to inverse PCR pAD-IE0 to
make pAD-IE0L133L134L140AAA. For the construct of pBD-AC16, ac16was
PCR ampliﬁed with primer pair 1469/1474 and inserted into pBD-Gal4
in framewith Gal4 BD at EcoRI/PstI. Right constructs were screened by
restriction enzyme digestion and conﬁrmed by sequencing. The
sequences of the primers were listed in Table 1.
Construction of pFAcT-GFP-IE0L133L134L140AAA and
pFAcT-GFP-IE1L79L80L86AAA
To enable the analysis of viruses that express IE0 or IE1 lack of the
binding domain for AC16, pFAcT-GFP-IE0L133L134L140AAA and pFAcT-
GFP-IE1L79L80L86AAA were made. AcMNPV ie0 and ie1 promoter were
ampliﬁed from the wild type genomic DNA using primer pairs 870/
871 and 740/869 respectively. The ie0 promoter was cloned into
pFAcT-GFP-Tnie1pA at XbaI/NotI sites generating pFAcT-GFP-ie0prm
Table 1
List of primers used in this study
517 5′ô-ATACGCGAGCTCATGCATATGA-3′
740 5′-TGGTACCGGTGAATTCGAGACTGCAGGCTC-3′
810 5′-ATAAGAATGCGGCCGCATAATTTCAAATGTT-3′
869 5′-GCGGTCTAGAAGTCACTTGGTTGTTCAC-3′
870 5′-GCGGTCTAGAGGCAGGCGCTGGCAAAGATT-3′
871 5′-ATAAGAATGCGGCCGCCGTTGCCCGTTATCAATTAC-3′
1369 5′-GCGCCATGGGACTACAAAGACCATGACGG-3′
1371 5′-ACAGCGGCCGCTTAGCTGCCGCGCGG-3′
1416 5′-GCGGGATCCATAAGAACCAGCAGTCACGT-3′
1417 5′-GCGGGATCCACGCAAATTAATTTTAACGCGTCG-3′
1424 5′-GCGTCTAGATTAATTAAATTCGAATT-3′
1430 5′-GCGCTCGAGCTACCTACAAAAAACACATGG-3′
1431 5′-GCGCTGCAGTTAGGCGTAGTCGGGCACGTCGTAGGGGTAATAGGCGTTAATATCACTTT-3′
1434 5′-TTGTGCGACTGCGCACTTCCAGCCTTTATAAACGCTCACCAACCAAA GCATTCGGATCTCTGCAGCAC-3′
1437 5′-TTGCAAATGCCGCAGTTTCTTTTTATGTACAGACTGTATCTTATTGAAA TCGAGGTCGACCCCCCTG-3′
1439 5′-ATAGTTAATAGCTGTCTACCCGTA-3′
1440 5′-CTCGAGGTGCCAGTAGCAATCAATTT-3′
1469 5′-GCGCTGCAGTTACTTGTCGTCGTCGTCCTTGTAGTC ATAGGCGTTAATATCACTTT-3′
1472 5′-GCGGGATCCACCCTTGAACAGACAATTAATC-3′
1474 5′-GCGGAATTCGAGTCTGTTCAAACGCGCTT-3′
1496 5′-GCGTCTAGATTAGGCGTAGTCGGG-3′
1518 5′-GCGCTGCAGAATAATTTGAGTGAGCATCGTTCCT-3′
1519 5′-GCGCTGCAGGGATCGATATCTGACTAAATCT-3′
1520 5′-GCGCTCGAGAATAATTTGAGTGAGCATCGTTCCT-3′
1529 5′-GATAATGCCGAAGAAGCAGTT-3′
1530 5′-AGTGGTCTTGGCCGCACATTCCACTAA-3′
1531 5′-GCGGCAAGCACAATTCAAAGCTGT-3′
1532 5′-GTATTTAGGCGCCAATGCAATTTTGTTAAA-3′
1533 5′-TACTTGGCCAATTCACAAGGTGTG-3′
1534 5′-TGCGGCCAGCTTCCGTTTAGT-3′
1542 5′-GCGGCGGCCGCCAGAATTCTTAATTAAATTCGAA-3′
1543 5′-GCGGCGGCCGCCGAAGCTTAACATGATAAGAA-3'
1544 5'-GCGTCTAGAATGACGCAAATTAATTTTAACGCGTCG-3'
1545 5'-GCGGCGGCCGCTTAATTAAATTCGAATTTTTTATATTTACAA-3'
1560 5′–GCGCTGCAGTTAATAGGCGTTAATATCACT-3′
1561 5′-GCGGAGCTCTTTGAGTGAGCATCGTTCCT-3′
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sites generating pFAcT-GFP-ie1prm. Primer pair 1529/1530 was used
to inverse PCR amplify pAcie0delta to generate pAcie0delta-
L133L134L140AAA which was conﬁrmed by sequencing. Primers
1542/1543 was used then to amplify IE0L133L134L140AAA ORF using
pAcie0delta-L133L134L140AAA as the template, and the PCR product
was cloned into pFAcT-GFP-ie0prm at NotI and screened by NotI and
EcoRI for right orientation, resulting pFAcT-GFP-IE0L133L134L140AAA. The
ORF of IE1L79L80L86AAA was PCR ampliﬁed with primers 1544/1545
using pAD-IE1L79L80L86AAA as the template and cloned into pFAcT-GFP-
ie1prm at XbaI/NotI sites resulting pFAcT-GFP-IE1L79L80L86AAA.
Construction of pFAcT-GFP-AC16, pFAcT-GFP-AC16-HA, pFAcT-
IE1L79L80L86AAA-AC16HA and pFAcT-IE0L133L134L140AAA-AC16HA
pFAcT-GFP was also used as the backbone for making transfer
vectors pFAcT-AC16 and pFAcT-AC16HA. Brieﬂy, ac16 including the
promoter and open reading frame was ampliﬁed with primer 1430
paired up with 1560 or 1431 which contains the inﬂuenza HA epitope
tagged at the C-terminus of AC16, the ampliﬁed PCR fragments were
cloned into pFAcT-GFP at XhoI/PstI, generating pFAcT-GFP-AC16-pA-
and pFAcT-AC16HA-pA- respectively. In order to reduce the chance of
intragenomic homologous recombination, an OpMNPV ie2 polyA
signal was used for both ac16 and ac16HA. OpMNPV ie2 polyA was
ampliﬁed using primer 1519 paired with 1561 or 1518, the PCR
fragments were digested with PstI/SacI or PstI alone and cloned into
the corresponding sites of pFAcT-AC16-pA- and pFAcT-AC16HA-pA-
respectively. Sequencing was performed to screen the right orienta-
tion of the polyA insertion into pFAcT-AC16HA-pA-. The transfer
vectors produced were named as pFAcT-AC16 and pFAcT-AC16HA. The
ac16HA cassette which includes the ac16 promoter and ORF and polyA
signal was PCR ampliﬁed with primers 1430/1520 using pFAcT-AC16HA as the template, and the PCR product was cloned into the
corresponding site of pFAcT-GFP-IE0L133L134L140AAA and pFAcT-GFP-
IE1L79L80L86AAA at XhoI site, resulting in pFAcT-IE0L133L134L140AAA-
AC16HA and pFAcT-IE1L79L80L86AAA-AC16HA respectively.
Construction of recombinant viruses
Construction of viruses using ie1KO as the backbone
The pFAcT-GFP vectors were used to transpose the ie1KO bacmid to
make different recombinant viruses as previously described (Luckow
et al., 1993). The vector pFAcT-GFP contains polyhedrin driven by its
own promoter, multiple cloning sites and gfp driven by OpMNPV ie1
promoter between the two Tn7 transposition excision sites. Genes
cloned between the two transposition sites are transposed into the
mini ATT region located in the AcMNPV bacmid. pFAcT-GFP-IE0-
3xFLAG6xHis and pFAcT-GFP-IE1-3xFLAG6xHis were used to trans-
pose the ie1KO bacmid (Stewart et al., 2005) to generate viruses
ie1KO-IE0-3xFLAG6xHis and ie1KO-IE1-3xFLAG6xHis respectively
for TAP analysis. pFAcT-GFP-IE0L133L134L140AAA and pFAcT-GFP-
IE1L79L80L86AAA were used to transpose the ie1KO to generate
ie1KO-IE0L133L134L140AAA and ie1KO-IE1L79L80L86AAA respectively for
the analysis of impacts of loss of AC16 binding domain on the virus
behavior. The viruses used for the comparison ie1KO-IE1 and
ie1KO-IE0 were named as AcBacIE1 and AcBacIE0M→A respectively
(Stewart et al., 2005). All IE0 constructs contain the IE1 start
methionine mutated to alanine to prevent internal translation
initiation (Stewart et al., 2005). pFAcT-IE0L133L134L140AAA-AC16HA and
pFAcT-IE1L79L80L86AAA-AC16HA were used to transpose the ie1KO
bacmid to make ie1KO-IE0L133L134L140AAA-AC16HA and ie1KO-
IE1L79L80L86AAA-AC16HA respectively for the conﬁrmation of loss of
interaction between AC16 with IE0L133L134L140AAA or IE1L79L80L86AAA.
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AcMNPV bacmid (bMON14272) was used to generate an ac16 N-
terminal knockout virus by recombination in E. coli as previously
described (Datsenko and Wanner, 2000; Hou et al., 2002). A zeocin
resistance cassette with ac16 ﬂanking regions was ampliﬁed using
primers 1434 and 1437 with p2ZeoKS as template. These primers
contain 50 bp homologous sequence to the 5′ ﬂanking and upstream
coding regions of ac16. The PCR fragment of zeocin resistance cassette
was gel puriﬁed and electroporated into E. coli BW25113-pKD46 cells
which contained the AcMNPV bacmid bMON14272. The electropo-
rated cells were incubated at 37 °C for 4 h in 1 ml of LB medium and
plated onto agar medium containing 25 μg/ml of zeocin and 50 μg/ml
of kanamycin. Plates were incubated at 37 °C overnight and colonies
resistant to both zeocin and kanamycin were selected and further
conﬁrmed by PCR.
Three different pairs of primers were used to conﬁrm the correct
knock out of ac16 had been produced. Primers 1430 and 520 were
used to detect the correct insertion of the zeocin cassette in the
promoter region of the ac16 locus and primers 1239 and 1439 were
used to detect the correct insertion of the zeocin cassette in the
upstream coding region of the ac16 locus. A third primer pair 1440
and 1439 was used to conﬁrm the deletion of the desired sequence.
One recombinant bacmid conﬁrmed by PCR was selected and named
AcBac-ac16KO.
Construction of AC16 knockout and repair bacmids containing
polyhedrin and gfp
To generate the ac16KO and repair viruses with Polyhedrin and
GFP, pFAcT-GFP was used to transpose AcBac-ac16KO as previously
described to make ac16KO-GFP-PH. pFAcT-GFP-AC16 and pFAcT-GFP-
AC16-HAvectors were used to AcBac-ac16KO to produce ac16KO-AC16
and ac16KO-AC16HA. The pFAcT-GFP-AC16-HA was also used to
transpose bMON14272 (Invitrogen Life Technologies) to generate
AcBac-AC16HA for the reciprocal immunoprecipitation to conﬁrm the
interaction between AC16 and IE0/IE1.
3xFLAG-6xHis tandem afﬁnity puriﬁcation (TAP) and
protein identiﬁcation
The TAP method was adapted from Yang et al. (2006). Brieﬂy,
3×108 Sf9 cells were infected with ie1KO-IE0-3xFLAG6xHis, ie1KO-
IE1-3xFLAG6xHis and control virus AcMNPV E2 at a multiplicity of
infectivity (MOI) of 2 respectively. Cells were collected at 12 hpi by
centrifugation at 500 g for 5 min and washed twice with 50 ml
phosphate buffered saline (PBS, 137 mM NaCl, 10 mM phosphate,
2.7 mM KCl, pH 7.4). To lyse the cells for TAP, 2 ml lysis buffer (15 mM
HEPES pH 7.6, 10 mM KCl, 0.1 mM EDTA, 0.5 mM EGTA,1 mM DTT, 1%
proteinase inhibitor cocktail (Sigma)) was used to resuspend the cells,
which were then passed twice through a pre-chilled French press at
8.27 MPa (1000 psi). Cell debris was removed by centrifugation at
18,000 g for 10 min and supernatant was transferred to 5 ml tubes
with 150 μl equilibrated anti-FLAG M2 afﬁnity beads (Sigma) and
incubated overnight at 4 °C on an orbiting platform. The incubation
products were then transferred to Bio-Rad mini disposable columns,
washed once with 1 ml cold lysis buffer and 6 times with 1 ml TBS
buffer (50 mM HEPES, pH 7.6, 150 mM NaCl, 0.1% Triton). Proteins
bound on the FLAG beads were eluted with 500 μl of 300 μg/ml 3×
FLAG peptide (Sigma) in TBS. The eluate proceeded to further
puriﬁcation with Talon cobalt resin (BD Biosciences Clontech).
400 μl FLAG eluate were incubated with 50 μl equilibrated Talon
cobalt resin for 1 h at 4 °C. The resin was washed 4 times with 1 ml
TBS and eluted with 160 μl TBS containing 300 mM imidazole. The
eluate was vacuum concentrated to 45 μl, mixed with 15 μl 4× protein
sample buffer (PSB, 0.25 M Tris-Cl, pH6.8, 4% SDS, 20% glycerol,10% 2-
mercaptoethanol, 0.02% bromophenol blue), boiled at 100 °C for
10 min, separated by NuPAGE® Novex Bis-Tris gel (4–12%, Invitro-gen), stained with SYPRO Ruby (Invitrogen). Protein bands speciﬁc to
ie1KO-IE0-3xFLAG6xHis, ie1KO-IE1-3xFLAG6xHis or enhanced were
excised from the gel. The gel slides were subjected to in-gel digestion
and identiﬁed by Liquid Chromatography Mass Spectrometry/Mass
Spectrometry (LC-MS/MS) at Proteomics Core Facility of University of
British Columbia.
Immunoprecipitation
For the conﬁrmation of interaction between IE0 and AC16, 6.0×107
Sf9 cells were infected with AcBac-AC16HA and control virus AcBac at
an MOI=10. For the conﬁrmation of loss of interaction between AC16
and IE1L79L80L86AAA or IE0L133L134L140AAA, Sf9 cells were infected at
MOI=2 with ie1KO-IE1L79L80L86AAA, ie1KO-IE0L133L134L140AAA, ac16KO-
AC16HA and control AcBac respectively. Cells were collected at 18 or
24 hpi by centrifugation at 500 g for 5 min and washed twice with PBS
prior to lysing for immunoprecipitation. Cells were resuspended with
1 ml EBC buffer (50 mM Tris-Cl pH 8.0, 120 mM NaCl, 0.5% Nonidet P-
40, 0.2 mM sodium orthovanadate, 1% sodium ﬂuoride, 1% protease
inhibitor cocktail (Sigma)) and passed through a pre-chilled French
Press at 8.27 MPa (1000 psi) twice. Cell debris was removed by
centrifugation at 18,000 g in a bench-top centrifuge at 4 °C and
supernatant was incubated with 50 μl equilibrated anti-HA agarose
beads (Sigma) for 4 h at 4 °C on a orbiting platform. The incubation
products were transferred to a Bio-Rad column and the beads were
washed once with 1 ml EBC buffer, followed by 6 washes with 1 ml
NETN buffer (20 mM Tris-Cl pH 8.0, 1 mM EDTA, 0.5% NP-40)
containing 400 mM NaCl. Proteins bound to the beads were eluted
twice using 60 μl 100 mM glycine-HCl (pH 2.2) after 1 min incubation
and the pHwas raised to 8.0 with 1.5M Tris-Cl. The eluatewas vacuum
concentrated to 45 μl, mixed with 15 μl 4× PSB, boiled for 10 min at
100 °C, and subjected to SDS-PAGE and Western blot.
Time course analysis of BV production and viral DNA replication
Sf9 cells (2.0×106 cells/35 mm diameter well of a six-well plate)
were infected by AcBac, ie1KO-IE1, ie1KO-IE1L79L80L86AAA, ie1KO-IE0
and ie1KO-IE0L133L134L140AAA respectively or AcBac, ac16KO-GFP-PH
and ac16KO-AC16 respectively at a MOI of 5 in duplicate. At various h
post infection, supernatant containing BV was collected and stored at
4 °C after the cell debris was removed by centrifugation at 8000 g for
5 min. Infected cells were washed once with phosphate-buffered
saline (PBS, 137 mM NaCl, 10 mM Phosphate, 2.7 mM KCl, pH 7.4),
scraped off with rubber policemen, pelleted by centrifugation at
2000 g, for 5 min supernatant was removed and the pellets were
stored at -80 °C until analysis. BV titer of the supernatant was
determined by end-point dilution analysis in Sf9 cells and real-time
quantitative PCR (Lo and Chao, 2004). The analysis of BV production by
qPCR was adapted from Lo et al. (Lo and Chao, 2004). Brieﬂy, 100 μl of
BV supernatant collected during the time course and series dilution of
known AcMNPV E2 stock were aliquoted and incubated at 50 °C
overnight in the lysis buffer (10 mM Tris·Cl Ph8.0, 100 mM EDTA, 0.5%
SDS, 80 μg/ml Proteinase K). Viral DNA then was extracted with
phenol-chloroform-isoamyl alcohol followed by extraction with
chloroform. 2 μl viral DNA extracts were used directly for the qPCR
with primers 850 and 851 as well as 2× DyNAmo HS Master Mix
(DyNAmo HS SYBR Green qPCR Kit, New England Biolabs) in a 20 μl
reaction to amplify a 100 bp fragment of ac126 (chitinase). The thermal
proﬁle used was based on McCarthy et al. (2008). The results were
analyzed by the MX4000 software (Stratagene).
Analysis of viral DNA replication was performed using real-time
quantitative PCR as previously described which is based on the
ampliﬁcation of 100 bp fragment of gp41 gene (McCarthy et al., 2008;
Vanarsdall et al., 2004). Brieﬂy, Sf9 cells collected during the time
coursewere resuspended in 1ml cell lysis buffer (10mMTris·Cl pH8.0,
100 mM EDTA, 0.5% SDS, 20 μg/ml RNAase A) and incubated at 37 °C
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into 250 μl Tris-Cl pH 8.0 and 80 μg/ml Proteinase K followed by
overnight incubation at 50 °C. The overnight digestion reaction was
then extracted with 300 μl phenol-chloroform-isoamyl alcohol
followed by extraction with 300 μl chloroform. 90 μl aqueous was
carefully transferred to another clean 1.5 ml micro test tube. Prior to
the PCR, 5 μl of the DNA extracts from each time point were diluted 10
times by adding 45 μl distilled water. 2 μl diluted DNA extracts was
used directly for the qPCR with primers 1483 and 1484 as well as
2×DyNAmo HS Master Mix (DyNAmo HS SYBR Green qPCR Kit, New
England Biolabs) in a 20 μl reaction. The thermal proﬁle used was
based on McCarthy: 1 cycle of 95 °C for 15 min; 40 cycles of 95 °C for
30 s, 52 °C for 24 s, 72 °C for 30 s; 1 cycle of 95 °C for 1min; 41 cycles of
55 °C for 30 s (McCarthy et al., 2008). The results were analyzed by the
MX4000 software (Stratagene).
Western blot analysis
Proteins eluted from afﬁnity beads or total cells colleted during the
time course analysis were mixed with 4× SDS-PSB and boiled for
10 min. Protein samples were separated by 10% or 7.5% SDS-PAGE and
transferred to Millipore Immobilon-P membrane with Bio-Rad Mini-
Protean II and liquid transfer apparatus. Membraneswere probedwith
one of the following different antibodies: 1) Mouse monoclonal HA
antibody 1:1000 (Covance, HA11); 2) Mouse monoclonal IE1 antibody
1: 8000 (Ross and Guarino, 1997); 3) Mouse monoclonal OpMNPV
VP39 antibody (1:3000) (Pearson et al., 1988); 4) rabbit polyclonal
FP25 antibody 1:5000 (Braunagel et al., 1999). To detect bound
primary antibodies membranes were incubated with 1:10000 goat
anti-mouse or goat anti-rabbit peroxidase-conjugated secondary
antibodies. Enhance Chemiluminescence System (ECL, Amersham)
was used to detect the signals.
Yeast 2-hybrid
Yeast 2-hybrid was performed using Saccharomyces cerevisiae
strain YRG2 (MATa ura3-52 his3-200 ade2-101lys2-801 trp1-901 leu2-3
112 gal4-542gal80-538 LYS2::UAS GAL1-TATA GAL1-HIS3URA3::UAS
GAL4 17mers(x3)-TATACYC1-lacZ) (Stratagene). Co-transformation of
the fusion plasmids were performed according to the manufacturers
instructions using the lithium acetate method (Stratagene). Transfor-
mants were screened onmedium lacking the appropriate amino acids,
and selection of histidine reporter gene expression was performed on
histidine and tryptophan or histidine, tryptophan and leucine-drop
out agar plates.
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